Genome Sequence of the Tsetse Fly (Glossina morsitans): Vector of African Trypanosomiasis
International Glossina Genome Initiative* † Tsetse flies are the sole vectors of human African trypanosomiasis throughout sub-Saharan Africa. Both sexes of adult tsetse feed exclusively on blood and contribute to disease transmission. Notable differences between tsetse and other disease vectors include obligate microbial symbioses, viviparous reproduction, and lactation. Here, we describe the sequence and annotation of the 366-megabase Glossina morsitans morsitans genome. Analysis of the genome and the 12,308 predicted protein-encoding genes led to multiple discoveries, including chromosomal integrations of bacterial (Wolbachia) genome sequences, a family of lactation-specific proteins, reduced complement of host pathogen recognition proteins, and reduced olfaction/chemosensory associated genes. These genome data provide a foundation for research into trypanosomiasis prevention and yield important insights with broad implications for multiple aspects of tsetse biology.
A frican trypanosomiasis is transmitted by the tsetse fly to humans (sleeping sickness) and livestock (nagana) throughout sub-Saharan Africa, with an estimated 70 million people at risk of infection. Rearing livestock in endemic areas is difficult to impossible and results in an economic loss in agricultural output of several billion U.S. dollars per year. Human infections are fatal if untreated, but tools for disease control are limited because it has not been possible to develop vaccines and current trypanocidal drug treatments result in undesirable side effects with growing reports of drug resistance. The reduction or elimination of tsetse populations is an effective method for disease control that could be improved with greater knowledge of their biology and genetics (1) .
Tsetse flies are key representatives of the dipteran clade Calyptratae, which represents 12% of the known diversity within the dipteran order. Many of the calyptrate species are blood feeders of biomedical importance (2) . In addition, members of the calyptrate family of Glossinidae and superfamily Hippoboscoidea, to which tsetse belong ( fig. S1 ) (3) , are defined by the ability to nourish intrauterine offspring from glandular secretions and give birth to fully developed larvae (obligate adenotrophic viviparity). Tsetse flies live considerably longer than other vector insects, which somewhat compensates for their slow rate of reproduction. Trypanosome infections in tsetse are acquired by blood feeding from an infected vertebrate host, and trypanosomes have to overcome multiple immune barriers to establish an infection within the fly. As a result, trypanosome infection prevalence is low in field populations and in experimentally infected tsetse (4) . Tsetse have symbionts that compensate for their nutritionally restricted diet by the production of specific metabolites and influence multiple other aspects of the fly's immune and reproductive physiology (5) .
In 2004, the International Glossina Genome Initiative (IGGI) was formed (6) to expand research capacity for Glossina, particularly in subSaharan Africa, through the generation and distribution of molecular resources, including bioinformatics training. An outcome of the effort undertaken by IGGI is the annotated Glossina morsitans genome presented here and further developed in satellite papers on genomic and functional biology findings that reflect the unique physiology of this disease vector (7) (8) (9) (10) (11) (12) (13) (14) .
Characteristics of the Glossina Genome A combination of sequencing methods were used to obtain the Glossina morsitans morsitans (Gmm) genome, including Sanger sequencing of bacterial artificial chromosomes (BACs), small-insert plasmid and large-insert fosmid libraries, and 454 and Illumina sequencing (tables S1 and S2). The sequences were assembled into 13,807 scaffolds of up to 25.4 Mb, with a mean size of 27 kb and half the genome present in scaffolds of at least 120 kb. The 366-Mb genome is more than twice the size of the Drosophila melanogaster genome ( fig. S2A and table S3 ). Clear conservation of synteny was detected between Glossina and Drosophila, but with the blocks of synteny tending to be twice as large in Glossina due to larger introns and an increase in the size of intergenic sequences, possibly as a result of transposon activity and/or repetitive sequence expansions. Sequences from most of the major groups of retrotransposons and DNA transposons are found in the Glossina genome (table S4). These sequences comprise~14% of the assembled genome, in contrast to 3.8% of the Drosophila euchromatic genome (15) . The Glossina genome is estimated to contain 12,308 protein-encoding genes based on automated and manual annotations. Although this number is fewer than Drosophila, the average gene size in Glossina is almost double that of Drosophila ( fig. S2B ). The number of exons and their average size is roughly equivalent in both fly species ( fig. S2C ), but the average intron size in Glossina appears to be roughly twice that of Drosophila ( fig. S2D ).
Orthologous clusters of proteins were generated by comparing the predicted Glossina protein sequences to five other complete Dipteran genomes (Drosophila melanogaster, Aedes aegypti, Anopheles gambiae, Culex quinquefasciatus, and Phlebotomus papatasi). Each cluster contained members from at least two taxa; groups from a single taxon were considered species-specific paralogs.
In total, 9172 (74%) of Glossina genes (from 8374 orthologous clusters) had a Dipteran ortholog, 2803 genes (23%) had no ortholog/paralog, and 482 (4%) had a unique duplication/paralog in Glossina. The ortholog analysis across the Diptera ( fig. S3A ) shows that 94% (7867 of 8374) of clusters that contain a Glossina gene also contain an ortholog with Drosophila ( fig. S3B ).
Blood Feeding and Nutrition
Blood feeding has originated at least 12 times in Diptera, and this genome facilitates a perspective for the comparative evolutionary biology of hematophagy (2) . Unlike its distantly related blood-feeding relatives in the suborder Nematocera (such as mosquitoes and sandflies), which supplement their diet with plant nectar, both male and female Glossina use blood as their sole source of nutrients and energy.
Adult tsetse have several salivary molecules that are essential for efficient blood feeding and digestion because they counteract the complex physiological responses of the host that impede blood feeding, including coagulation, blood platelet aggregation, and vasoconstriction (table S5 and Fig. 1 ) (16) . One gene family, tsal, is the most abundant in the Glossina sialome (16) and encodes high-affinity nucleic acid-binding proteins that lack strong endonuclease activity (17) . Orthologs to tsal are not found in Drosophila, but they are present in sandflies (Phlebotomus genus) and mosquitoes (Culex species only). In mosquitoes and sandflies, a single gene is responsible for the production of salivary endonucleases with hydrolysis activity (18) . Glossina carries three distinct tsal genes (GMOY012071, GMOY012361, and GMOY012360) that colocalize to a 10-kb locus.
Another family of abundant salivary proteins, related to adenosine deaminases and insect growth factors (ADGFs) are thought to reduce the inflammation and irritation resulting from adenosine and inosine-induced mast cell activation. In Glossina digestive physiology and the infection process by trypanosomes. Associated satellite references for these findings are listed within the figure as numbers in parentheses and correspond to the reference list (8, 11, 12).
www.sciencemag.org SCIENCE VOL 344 25 APRIL 2014 tsetse, the ADGF genes are uniquely organized as a cluster of four genes in a 20-kb genomic locus (GMOY002973, GMOY012372, GMOY012373, and GMOY012374). An adenosine deaminase (ada) gene (GMOY008741) without the putative growth factor domain is encoded elsewhere in the genome. In Drosophila, five ADGF genes can be found in various loci and are associated with developmental regulation (19) . Nematoceran Diptera, including sandflies and mosquitoes, have a maximum of three ADGF genes. Other arthropods, such as Ixodes scapularis, Rhodnius prolixus, and Pediculus humanus, have only bona fide adenosine deaminases.
Recent studies show that specific genes and proteins are down-regulated in salivary glands during parasite infection, which promotes trypanosome transmission because feeding efficiency is reduced and feeding time is extended (20) . RNA-seq analysis of salivary gland gene expression during parasite infection confirmed the reduction of transcript abundance for previously identified genes, such as ada, tsal1, tsal2, and 5′ nucleotidase, as well as of many other putative secreted salivary protein genes (12) . Additionally, genes involved in stress tolerance and cell repair showed increased expression, indicating that considerable salivary gland tissue damage is caused by trypanosome infections.
Upon blood-meal ingestion, the peritrophic matrix (PM), which separates the midgut epithelium from the blood bolus, protects gut cells from damaging or toxic dietary elements, allows for compartmentalized digestion and metabolism of the blood meal, and is a barrier against infection (5) . Glossina produces a type-II PM, which is secreted continuously as concentric sleeves by the proventriculus and separates the lumen of the midgut (endoperitrophic space) from the monolayer of epithelial cells (21) . Type-II PMs are generally composed of chitin, peritrophin proteins, glycosaminoglycans (GAGs), and mucin-like molecules. Analysis of isolated PMs of male flies by mass spectrometry identified~300 proteins, including multiple uncharacterized peritrophins and peritrophin-like glycoproteins. This proteomic data identified the corresponding genes in the Glossina genome. Three of these genes are exclusively expressed by the proventriculus (table S6) (11) .
Glossina takes a blood meal that is almost equivalent to its own weight, and excess water is rapidly excreted by means of the Aquaporin family of transport proteins (22) . Ten aquaporin genes (aqps) were identified in Glossina, compared with six and eight in mosquitoes and Drosophila, respectively (table S7). In Glossina, two aqp genes are duplicates: the orthologs Fig. 2 . Diagrammatic presentation of the Glossina microbiome, tissue localization of bacterial symbionts, physiological importance, and summary of genomic interactions. (Top) Glossina reproductive physiology and associated symbiont localizations. (Bottom) Glossina digestive physiology and the associated symbiont localizations. Associated text describes significant findings regarding the Glossina microbiome and the associated impacts in terms of Glossina immunity, nutrition, vectorial capacity, and vector control. Associated satellite references are listed within the figure as numbers in parentheses and correspond to the reference list (11, 13) .
of the aqp2 and the Drosophila integral protein (drip) genes. Knockdown of aquaporins inhibited post-blood meal diuresis, increased dehydration tolerance, reduced heat tolerance, and extended the duration of lactation and pregnancy in females. The drip orthologs are particularly abundant in the female accessory gland (milk glands), suggesting a role in hydration of glandular secretions (8) .
In comparison with mosquitoes and sandflies, Glossina has a marked reduction in genes associated with carbohydrate metabolism, instead using a proline-alanine shuttle system for energy distribution and triglycerides and diglycerides for storage in the fat body and milk secretions. Little to no sugar nor glycogen is detectable in these flies (23) (table S8 ). In addition, three multivitamin transporters from the solute:sodium symporter (SSS) family are found in Glossina and mosquitoes, but not in Drosophila, suggesting an association with blood-meal metabolism (table S9) . (Fig. 2) . In the absence of Wigglesworthia, female flies tend to prematurely abort their larval offspring unless they receive dietary supplements (18) . However, the larvae that have undergone intrauterine development in the absence of Wigglesworthia metamorphose into immunecompromised adults (24) .
Microbiome
The predicted proteome of Wigglesworthia indicates a capacity for B vitamin biosynthesis (25) and synthesis of thiamine monophosphate (TMP). Glossina lacks this capacity; however, it carries genes for thiamine transporters, a member of the reduced folate carrier family (GMOY009200), and a folate transporter (GMOY005445). Lipids, proteins, and water are combined to form the milk constituents, which are stored in a large extracellular secretory reservoir. Stored milk is secreted into the lumen, which also houses the extracellular obligate bacterial symbiont Wigglesworthia. The milk and symbionts are transported through the gland to the uterus, where the developing larvae feeds upon these secretions. (Right) Involution and recovery. After parturition, milk gland cells shrink, undergo autophagy, and express antioxidant enzymes to inhibit oxidative damage. The recovered cells prepare for the next round of lactation by regeneration of protein synthesis and structural components. Associated satellite references for these findings are listed within the figure as numbers in parentheses and correspond to the reference list (7-10).
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Wolbachia is another symbiont present in some wild Glossina populations (and in the strain sequenced here), which resides in gonadal tissues. Laboratory studies have shown that this associated Wolbachia strain induces cytoplasmic incompatibility (CI) in Glossina morsitans (26) . Furthermore, at least three horizontal transfer events (HTEs) from Wolbachia were detected in Glossina chromosomes. The two largest insertions carry a total of 159 and 197 putative functional proteincoding genes, whereas the third lacks any protein coding genes. In situ staining of Glossina mitotic chromosomes with Wolbachia-specific DNA probes identified multiple insertions on the X, Y, and B chromosomes (table S10) (13) . Although no Wolbachia-specific transcripts were detected arising from chromosomal insertions, the functional and evolutionary implications of these insertions require study.
Many Glossina species, including the strain sequenced here, harbor a large DNA hytrosavirus, the Glossina pallidipes salivary gland hypertrophy virus (GpSGHV) (27) . The virus can reduce fecundity and life span in Glossina and cause salivary gland pathology and swelling at high densities. Also, the analysis of a group of genes lacking dipteran orthologs revealed many putative bracoviral genes [Basic Local Alignment Search Tool (BLAST) E values of <1 × 10
)] spread over 151 genomic scaffolds (tables S11 and S12). The putative bracoviral sequences bear highest homology to those identified from the parasitic braconid wasps Glyptapanteles flavicoxis and Cotesia congregata. This suggests that Glossina was or is parasitized by an as-yet-unidentified braconid wasp.
Immunity
Multiple factors, including age, sex, nutritional status, and symbionts, influence tsetse's competence as a vector for trypanosomes. Peptidoglycan (PGN) recognition proteins (PGRPs), antimicrobial effector peptides (AMPs) produced by immune deficiency (IMD) pathway, midgut lectins, antioxidants, EP protein (defined by its glutamic acid and proline repeats), and the gut-associated peritrophic matrix structure are all components that regulate the nature of the interactions between the fly and its symbionts (28) .
Microbial detection is a multistep process that requires direct contact between host pattern recognition receptors (PRRs) and pathogenassociated molecular patterns (PAMPs). Drosophila has 13 PGRPs that play a role in the recognition of PGN, an essential component of the cell wall of virtually all bacteria. In Glossina, only six pgrp genes were identified, four in the long subfamily (pgrp-la, -lb, -lc, and -ld) and two in the short subfamily (pgrp-sa and -sb), whereas Drosophila has a gene duplication resulting in two related forms of pgrp-sb. Based on both genome annotation and transcriptome data, Glossina lacks orthologs of the PGN receptors, -le, -lf, -sc, and -sd, found in Drosophila. The reduced pgrp repertoire of Glossina may reflect its bloodspecific diet, which likely exposes its gut to fewer microbes than Drosophila. In the Drosophila gut, PGRP-LE functions as the master bacterial sensor, which induces both responses to infectious bacteria and tolerance to microbiota by up-regulating suppressors of the IMD pathway, including PGRP-LB (29) . In the case of Glossina, loss of amidase -SC1 along with PGRP-LE may indicate a host immune response that has evolved to protect the symbiosis with Wigglesworthia. Reduced immune capacity is also observed in aphids that also harbor obligate symbionts (30) . A complete listing of orthologs to Drosophila immune genes is presented in table S13.
Reproduction and Developmental Biology
The reproductive biology of tsetse is unique to the Hippoboscoidea superfamily. The evolution of adenotrophic viviparity (intrauterine larval development and nourishment by glandular secretions) has required ovarian follicle reduction (two follicles per ovary compared with 30 to 40 in Drosophila), expansion and adaptation of the uterus to accommodate developing larvae, and adaptation of the female accessory gland to function as a nutrient synthesis and delivery system.
Glossina, Drosophila, and other Brachyceran flies use lipase-derived yolk proteins for vitellogenesis, unlike non-Brachyceran flies that use the vitellogenin family of yolk proteins (31) . Drosophila and Brachyceran flies outside of the Hippoboscidae superfamily produce multiple oocytes per gonotrophic cycle. However, Glossina only develops a single oocyte each cycle. Unlike Drosophila, which has three yolk protein genes ( yp1, yp2, and yp3) localized on the X chromosome, Glossina has a single yolk protein gene, which is orthologous to Drosophila yp2 (GMOY002338), expressed only in the ovaries, and lacks fat body-associated expression. Multiple yolk proteins have been identified in other Brachyceran flies, indicating that Glossina may have lost these genes in association with its reduction in reproductive capacity (31) .
Glossina larvae are dependent on their mother's milk gland secretions for nutrition, as well as for transfer of symbiotic fauna (Fig. 3) . This gland is highly specialized and secretes a complex mixture of stored lipids and milk proteins. Analysis of differential gene expression in lactating versus nonlactating females confirmed the presence of previously characterized milk protein genes-including a lipocalin (mgp1), a transferrin (trf ), an acid sphingomyelinase (asmase), milk proteins 2 + 3 (mgp2 and -3), and pgn recognition protein lb ( pgrp-lb) (28)-but also revealed a previously undiscovered suite of eight paralogs to the mgp2 and -3 genes. Annotation of the 40-kb genomic loci encompassing mgp2 and mgp3 revealed that these genes have arisen via gene duplication events. These genes have similar exon/intron structures and are expressed in the same stage-and tissue-specific manner as mgp2 and mgp3 (10). The newly identified milk proteins may function as lipid emulsification agents, sources of amino acids, and phosphate carriers. The 12 genes associated with milk synthesis make up almost half of all maternal transcriptional activity during lactation (table S14) (10) . The combined suite of Glossina milk proteins bear remarkable functional similarities to those of placental mammals and marsupials (Fig. 3) .
The massive level of protein synthesis during lactation generates substantial oxidative stress in tsetse females, but females can undergo this process 8 to 10 times during their life spans without evidence of reproductive senescence. Transcriptional analysis of antioxidant enzyme (AOE) gene expression revealed an increase in abundance of these genes during lactation and after birth (7) (table S15), such that knockdown of these enzymes decreases fecundity in subsequent reproductive cycles. The mediation of oxidative stress by AOEs at key points in tsetse reproduction appears critical to preservation of fecundity late into Glossina's life span (7) (Fig. 3) .
The milk proteins produced by tsetse are under tight transcriptional regulation and are only expressed in the female accessory gland. The expression level of these genes is coordinated with the stage of pregnancy and increases with larval development. The system regulating these genes appears conserved as transgenic Drosophila carrying the mgp1 gene promoter sequence drive the expression of a green fluorescent protein reporter gene exclusively in the female accessory glands in coordination with oogenesis/ovulation. Comparative analysis of the promoter sequences from multiple milk protein genes revealed the presence of conserved binding sites for homeodomain transcription factors. Analysis of the homeodomain transcription factors in Glossina (table S16) identified a gene, ladybird late (lbl), which is expressed exclusively in the milk gland of adult female flies and the female accessory glands of Drosophila. Knockdown of lbl results in a global reduction of milk gland protein expression in tsetse and causes loss of fecundity (9) (Fig. 3) .
Sensory Genes as Targets for Glossina

Control Strategies
Glossina species differ in host preferences and vary in their response to chemical and visual cues from different mammalian hosts or for mate finding. Sensory proteins range from odorant binding proteins (OBP), chemosensory proteins (CSP), odorant receptors (OR), gustatory receptors (GR), and ligand-gated ionotropic receptors (IR) to sensory neuron membrane proteins (SNMP) (32) .
Detailed annotation of Glossina sensory receptors reveals that they have fewer olfactory proteins relative to Drosophila, An. gambiae, and Apis mellifera (table S17) (14) . Of note, six ORs are homologous to a single Drosophila OR, which is associated with female mating deterrence. In addition, GR genes associated with sweet tastes, present in all other Diptera, are missing in tsetse. These genetic differences are consistent with the combination of a restricted diet of vertebrate blood and their narrow host range.
The visual system of Glossina is very similar to that of other calyptrate Diptera, which are generally fast flying, such as the house fly Musca domestica and the blow fly Calliphora vicina (33) . In tsetse, both sexes employ vision for rapid host identification and pursuit (34) ; males, however, also depend on vision for long-distance spotting and tracking of female mating partners (35) . Morphology and function of the compound eye retina is highly conserved throughout the Brachycera, allowing for direct comparisons with Drosophila (36) . The search for vision-associated genes revealed that all of the core components of the highly efficient Drosophila phototransduction cascade are conserved in Glossina (table S18) . This is also the case for four of the five opsin transmembrane receptor genes that are differentially expressed in the photoreceptors of the Drosophila compound eye: Rh1, Rh3, Rh5, and Rh6. Most important, the recovery of opsin Rh5 indicates the likely presence of blue-sensitive R8p photoreceptors in Glossina that have been missed in experimental studies (33) . This finding is consistent with tsetse's attraction to blue/black, which has been widely exploited for the development of traps to reduce vector populations (37) . It is further notable that the study of opsin conservation and expression in the blow fly retina recovered the same four opsin paralogs (38) , suggesting that the deployment of a single ultraviolet (UV)-sensitive opsin (Rh3) represents the ground state for calyptrate Diptera, in contrast to the expression of two UV-sensitive opsins (Rh3 and Rh4) in the eyes of Drosophila. The Glossina genome also contains the ortholog of the Drosophila Rh7 opsin gene, which is still of unknown function in Drosophila.
Future Directions
The assembly and annotation of the Glossina genome highlights its unique biology and facilitates the application of powerful high-throughput technologies in a way that was previously impossible. In addition, genomic and transcriptomic data on five Glossina species (G. fuscipes fuscipes, G. palpalis gambiensis, G. brevipalpis, G. austeni, and G. pallidipes) are being generated to produce additional genome assemblies for evolutionary and developmental analyses to study genomic differences associated with host specificity, vectorial capacity, and evolutionary relationships.
